We show that, if a fourth generation is discovered at the Tevatron or LHC, one could study CP violation in b ′ → s decays. Asymmetries could reach 30% for b ′ → sZ for m b ′ < ∼ 350 GeV, while it could be greater than 50% for b ′ → sγ and extend to higher m b ′ . Branching ratios are 10 −3 -10 −5 , and CPV measurement requires tagging. Once measured, however, the CPV phase can be extracted with little theoretical uncertainty. Fig. 1 ).
(Dated: August 6, 2009) We show that, if a fourth generation is discovered at the Tevatron or LHC, one could study CP violation in b ′ → s decays. Asymmetries could reach 30% for b ′ → sZ for m b ′ < ∼ 350 GeV, while it could be greater than 50% for b ′ → sγ and extend to higher m b ′ . Branching ratios are 10 −3 -10 −5 , and CPV measurement requires tagging. Once measured, however, the CPV phase can be extracted with little theoretical uncertainty. Measurements of the phase angle sin 2β/φ 1 ≡ sin 2Φ B d in B d → J/ψK 0 and other decays are in good agreement [1] with the Kobayashi-Maskawa (KM) model [2] . This Standard Model (SM) with 3 generations predicts sin 2Φ SM Bs ≃ −0.04 [1] for time-dependent CP violation (TCPV) in B s → J/ψφ mode, which is beyond the sensitivities at the Tevatron, and accessible only by the LHCb experiment. Any indication for a finite value at the Tevatron implies physics beyond SM (BSM).
Interestingly, both the CDF and D∅ experiments reported [3] recently a large and negative value for sin 2Φ Bs .
Though not yet significant, the central value echoes the predictions [4] based on a fourth generation explanation of the direct CPV (DCPV) difference, ∆A Kπ ≡ A B + →K + π 0 − A B 0 →K + π − ∼ +15% [1, 5] , observed by the B factories. By correlations of the b → s Z-penguin and bs ↔ sb box diagrams, a sizable 4th geneation contribution to ∆A Kπ would imply prominent CPV in B s → J/ψφ. With B s mixing observed by CDF in 2006, a stronger prediction was made. New results on sin 2Φ Bs (≡ − sin 2β s of CDF) are eagerly awaited. To up the ante, a 4th generation could enhance the invariant CPV measure of Jarlskog [6] by a factor of 10 15 [7] , and perhaps could satisfy the CPV part of the Sakharov conditions [8] for baryogenesis in the early Universe.
The 4th generation is troubled by the electroweak precision test (EWPT) S parameter [9] . However, this severe constraint [1] is softened when one allows some t ′ -b ′ mass splitting that contributes to T parameter [10, 11] .
With the LHC, we finally have a machine that can discover or rule out the 4th generation once and for all by direct search [12] . There is in fact renewed interest at the Tevatron. CDF has recently searched for t ′ → qW (no b-tagging) using 2.8 fb −1 , and for same sign dileptons [13] Fig. 1 ).
The study of CPV in b ′ → s transitions complements the traditional agenda of BSM CPV search in the flavor sector, such as
It opens up the new chapter of very heavy flavor CPV studies. Interestingly, though of DCPV type (there is no longer the exquisite TCPV mechanism for b ′ ), the CP conserving phases in b ′ → s transitions are calculable. Once measured, the CPV phase can in principle be extracted with little theoretical uncertainty.
CPV requires two interfering amplitudes M = M 1 + M 2 , and the CP asymmetry is
which vanishes unless both the weak and "strong" phase differences φ ≡ φ 2 − φ 1 and δ ≡ δ 2 − δ 1 are nonzero. In TCPV studies, δ = ∆m B ∆t is measured, allowing extraction of CPV phase φ. For very heavy quarks, we no longer expect meson formation because of rapid quark decay. What is left is DCPV. Fortunately, unlike B meson decays, the absorptive amplitudes of Fig. 1 are calculable, and QCD corrections perturbative. The u quark effect in Fig. 1 is suppressed by a tiny V * ub V ub ′ . Alternatively, q = c, u are effectively massless, and provide a GIM subtraction to the t and t ′ amplitudes via V * the top rather heavy, enriches the strong phase difference sin δ in Eq. (2). For b ′ below tW (hence t ′ W ) threshold, both the t and t ′ effects are dispersive, the strong phase difference between GIM-subtracted t and t ′ contributions are subdued. But as the tW threshold (illustrated by the cut in Fig. 1 ) is approached, the dispersive t amplitude gets affected, and sin δ starts to grow. Above tW threshold, the behavior of sin δ depends on m t ′ , e.g. whether it is correlated with m b ′ due to electroweak constraints. It also depends on the process.
We plot sin δ vs. m ∼ 420 GeV. A similar effect is seen for fixed m t ′ = 500 GeV (dashed line), where sin δ is larger than the previous case for b ′ below tW threshold. Thus, the flipping of sign of sin δ is due to not crossing the t ′ W threshold. The behavior for b ′ → sγ is different because it is a conserved current.
To illustrate t ′ W threshold crossing, the grey solid line in Fig. 2 is for m t ′ = 300 GeV. For b ′ → sZ L , sin δ hardly drops above the tW threshold, and rises back to 1 after crossing the t ′ W threshold. For all cases, we see that near and above the tW threshold, the absorptive b ′ → tW → sV 0 amplitude is optimal for CPV, with sin δ of order 1. The phase difference between V * t ′ s V t ′ b ′ and V * ts V tb ′ provides the CPV weak phase. We thus foresee that CPV in b ′ → sV 0 decays is the most interesting for b ′ near and above the tW threshold. What about other b ′ and t ′ loop decays? The b ′ → b, the t ′ → t, c, and the t → c transitions all turn out to be dominated by a single amplitude, and, according to Eq. (1), cannot generate much
, m s and m b can be taken as 0 as compared to the weak scale, hence
Note that the generic loop function f contains implicit external heavy mass dependence for 
′ → {tW } * , where the * means that below threshold, the t or the W , or both, could be off-shell.
As a starting point of our numerical study, we shall use the explicit 4 × 4 CKM matrix from the second reference of Ref. [4] 
and is depicted in Fig. 3 . In discussions, however, we shall allow variations to illustrate the full range of possible CPV effects, e.g. the dashed line illustrates the case of a smaller V * cs V cb ′ . Note that the quadrangle in Fig. 3 has the same area as the b → s quadrangle shown in Refs. [4, 7] , but is somewhat squashed. This disadvantages the b ′ → s process for CPV purposes. To get the largest CPV asymmetry, from Eq. (1) we see that the two interfering amplitudes better have similar strength. It is known [16] that the intertwining effects of CKM, kinematic and loop suppressions make b ′ decays particularly rich and interesting, especially for b ′ below tW threshold. The potential "cocktail solution" [17] can certainly evade current CDF search bounds. With the potential indication of large CPV activity in b → s transitions, V t ′ s and V t ′ b could in fact be comparable in strength, further enriching the b ′ decay scenario. We illustrate possible branching fractions of various decay modes for b ′ in Fig. 4 , for the low, near and above tW threshold masses of m b ′ = 210, 260, 340 GeV.
The contours of A CP in the plane of m b ′ and |V * Fig. 5 for b ′ → sZ and sγ decays, with m t ′ = m b ′ +50 GeV. One sees clearly that the largest A CP occurs around tW threshold, and for |V * ing V * ts V tb ′ in strength. We remark that |V * ts V tb ′ | ∼ 0.01 is about as large as it can get. In the limit that all rotation angles are smaller than V us (Cabibbo angle), which seems to be the case, |V ts | remains close to the measured V cb in strength, and cannot be larger than about 0.05, while V t ′ b ∼ 0.2 is the bound from Z → bb for m t ′ ∼ 300 GeV. For larger m b ′ , V t ′ b will have to be smaller. We see from (3) holds, then A CP is less than −10%, smaller when away from the tW threshold. Note that the CP asymmetry flips sign for m b ′ above 440 GeV or so, which is due to the change in sign of the CP conserving phase difference sin δ, as depicted in Fig. 2 .
For the b ′ → sγ case (b ′ → sg is qualitatively similar), because of gauge invariance, it can only be induced by a dipole transition, and the m t , m t ′ dependence is different. As can be seen from Fig. 2 , the CP conserving phase difference sin δ turns on sharply above the tW threshold, becoming close to 1 unless the t ′ W threshold is encountered (never the case if EWPT is respected). There is no flip of sign for sin δ, and we see from the dependence on this phase, we plot in Fig. 6 A CP contours in the arg(−V *
• is already very large, the gain for a CPV phase of π/2 is not dramatic, but A CP of course vanishes if this phase turns out to be small.
We have been applying m t ′ = m b ′ + 50 GeV that respects electroweak constraints. To get a feeling of the broader behavior, in Fig. 7 we release the EWPT constraint and plot A CP contours in the m b ′ -m t ′ plane. We select the near optimal (for strength of
• , with our nominal V * ts V tb ′ ≃ −0.01 e i 10
give even larger CP asymmetries. Fig. 7 should be compared with Fig. 2 , e.g. for m t ′ = m b ′ + 50 GeV along the illustrated dashed line (or held fixed at m t ′ = 300 or 500 GeV). We see that, in case of b ′ → sZ, the largest CP asymmetry is for V * t ′ s V t ′ b ′ close to V * ts V tb ′ in strength, with large CPV phase difference, and for m t ′ around tW threshold. For the b ′ → sγ case, the largest asymmetry occurs for m b ′ just above tW threshold, but m t ′ very heavy. These masses may not be realistic because of EWPT constraints, but they illustrate the potential range of CPV for b ′ → s loop transitions. We note that, to have enhanced A CP for b ′ → s decays, it often may not coincide with large sin 2Φ Bs in B s → J/ψφ. For instance, the preference for V * 
for the b ′ → cW and b ′ → tW processes, respectively, and may still evade current bounds. For example, the smaller value of V * t ′ s V t ′ b ′ that drives up A CP , as illustrated by the red dashed line of Fig. 3 , implies smaller b ′ → cW and b ′ → s rates. Of course, V tb ′ could be smaller as well, but this could be compensated by a larger b ′ mass than in Fig. 4(a) . What is not sufficiently illustrated in Fig. 4 is that V cb ′ can be suppressed, but with V * t ′ s V t ′ b ′ less suppressed (we have treated the reverse case). This is because of CKM unitarity (similar to V td = 0 in V ub → 0 limit), and again illustrates the potential richness of multiple decay channels for b ′ , which is best studied with LHC data in the near future.
Besides A CP and branching fraction, the actual measurability of CPV in b ′ → s decays also requires tagging. Let us take b ′b′ production cross section ∼ 40 pb for m b ′ ∼ 300 GeV with 14 TeV running of LHC, and a typical b ′ → sZ branching ratio of order a few ×10 −4 . The tagging efficiency for the otherb ′ (gaining a factor of two in a b ′b′ event) is hard to estimate at present, and would depend on b ′ → cW vs {tW } ( * ) fractions. With 100 fb −1 , we very roughly infer that a 10% asymmetry may be reachable with 3σ statistical significance. The b ′ → sγ mode may be more promising. Though typically 1/10 the b ′ → sZ rate, there is no need for Z → ℓ + ℓ − reconstruction, and the asymmetry could be 50% or larger. The b ′ → sg would suffer more background for CPV studies because of lack of distinct signature, and would be less useful. The situation may be better for an e + e − linear collider environment.
We note that if large sin 2Φ Bs is observed, hence something closer to Eq. (3) or Fig. 3 is realized, it would imply smaller A CP . If sin 2Φ Bs is found positive, the A CP s discussed here would flip in sign. Note also that b ′ → sW W mode could also exhibit CPV, but the asymmetry is suppressed by Γ t /m t or Γ W /M W and small.
In conclusion, the best scenario for CPV studies at high energy collider is for b ′ → s decays. One would first have to discover the 4th generation, preferably around 300 GeV or so. After sorting out the dominant decays, one would have to identify b ′ → sZ or b ′ → sγ channels, and then tag the otherb ′ . The study of CPV in b ′ decays would demand more than 100 fb −1 at the LHC. But if measured, one could extract the CPV phase, since the CP conserving phase is calculable.
